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Abstract  
Seven-wire strands are commonly used in civil-engineering structures such a cable-stayed 
bridges, pre-stressed concrete bridges or retaining walls structures. These civil engineering 
structures suffer from ageing and degradation due to corrosion and fatigue of structural steel 
members. Guided ultrasonic waves are potentially attractive tools for non destructive 
assessment of their integrity. They generally combine the ability to inspect, in a single 
measurement, the whole width of the structure over an appreciable length along the guiding 
direction. Moreover, they provide a mean to access hidden parts of the structure, such as 
sections of strand partially or totally grouted in grease or cement. Guided wave non-
destructive methodologies of inspection using magnetostrictive or piezoelectric devices are 
generally proposed, depending on the desired applications. The aim of this paper is to give an 
overview of the evolution of the theoretical and experimental works performed at LCPC on 
the non destructive evaluation of these members using ultrasonic guided waves generated and 
detected with piezoelectric mounted on the end section or with encircling magnetostrictive 
transducers. Results obtained for different frequency ranges on various configurations will be 
shown and discussed in order to quantify the performances and limits of guided ultrasonic 
wave inspection methodologies for real life structure applications. 
Résumé  
Les torons sept-fil sont très utilises dans les structures de génie civil comme les ponts   
haubans, les ponts en béton précontraints ou les murs de soutènement. Ces structures sont 
soumises au vieillissement et subissent des dégradations dues à la corrosion et la fatigue 
mécanique des parties structurales en acier. Les ondes ultrasonores guidées sont un outil 
présentant un intérêt certain pour une évaluation non-destructive de leur intégrité. Elles 
donnent la possibilité d’inspecter théoriquement la structure sur toute son épaisseur le long de 
sa plus grande dimension à partir d’une mesure unique. De plus, elles peuvent permettre 
d’accéder à des informations sur des parties cachées, partiellement ou totalement noyées dans 
de la graisse ou du ciment. Des méthodologies d’inspection non-destructives proposées 
utilisent généralement des dispositifs magnétostrictifs ou piézoélectriques en fonction de 
l’application désirée. L’objectif de cette présentation est de donner un aperçu de l’évolution 
des travaux théoriques et expérimentaux conduits aux LCPC sur l’évaluation non-destructive 
des ces parties et utilisant des ondes guidées générées et détectées avec l’aide de traducteurs 
piézoélectrique (placés sur la section droite de la terminaison du guide) ou magnétostrictifs 
(encerclant). Les résultats obtenus pour différentes gammes de fréquences pour diverses 
configurations seront montrés et discutés pour qualifier les performances et limites des 
méthodologies d’inspection par ondes guidées ultrasonores pour les applications réelles. 
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1  Introduction  
The aim of this paper is to give an overview of the theoretical and experimental works 
performed at LCPC on the non destructive evaluation of seven-wire strand using ultrasonic 
guided waves. The first part summarizes some modeling and experimental results obtained 
for undamaged specimens. On a first hand, the case of the influence of the grout on the 
axisymmetric guided wave propagation is studied through the simplified geometry of an 
embedded cylinder using Fourier acoustics theory coupled to Debye series expansion. On a 
second hand, the case of the seven-wire strand is studied through a Semi-Analytical Finite 
Element (SAFE) modeling approach by assembling the constitutive waveguide wires (the 
central cylindrical one and the six helical peripheral ones). The modeling results are then 
confronted to experimental results, in a high frequency domain for the embedded cylinder 
using wideband piezoelectric transducers and in the low frequency domain for the ungrouted 
seven-wire strand using magnetostrictive transducers. The third part is devoted to 
experimental defect detection in a grouted strand. 
2  Guided wave propagation in undamaged waveguides - Modelling 
and experimental results 
2.1  Steel cylinder embedded in cement grout modeling- High-frequency 
piezoelectric experiments  
The modeling of this simplified configuration (cement grouted steel bar) is here to study 
the influence of the grout of the guided ultrasonic wave propagation. The transient waveguide 
response is synthesized by a double Fourier Transform of the generalized cylindrical 
reflection and transmission coefficients of the cylinder (embedded or not) times the source 
spectrum. It can then be expressed as a combination of the infinite medium contribution, 
longitudinal, transversal and coupled longitudinal/transversal waveguide sidewall interactions 
(for detailed explanations see [1]) through Debye series expansion. Here is an example of the 
expression (Eq. 1) of the axial particular velocity field into the cylinder for an incident and 
reflected longitudinal polarized wave,  
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where   and q are the spatial longitudinal and transversal radial frequencies (m p
-1),   the 
axial longitudinal frequency,   the time frequency (s
w
f
-1),   the spatial source spectrum,  S E  the 
temporal source spectrum, 
ij X  the generalized cylindrical coefficient of the cylinder (with i 
the incident polarization and j the reflected polarization),   the local reflection coefficients at 
the steel/ grout interface,   and 
R
L T  the longitudinal and transversal polarizations,   the 
number of sidewalls interactions. 
N
 
Figure 1 shows the case of the 3D dispersion diagrams for ungrouted and grouted cylinder 
respectively. We observe that the influence of the embedding material leads to the overall 
diminution of the amplitude of the wave propagating in the embedded cylinder (see color 
table) and more specifically to the extinction of some specific ( z f λ 1 , ) couples, due to strong 
wave leakage from steel cylinder into cement grout (these results agree well those of 
Pavlakovic et al. [2] derived from normal-mode theory)  
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(b)  (a) 
Figure 1.  Simulated 3D dispersion diagrams for (a) a free steel cylinder and (b) a free 
steel cylinder embedded in cement grout, at 0.1 m from the source (  contribution at 
LL
z V ) 0 = r  
 
At larger distances from the source (Figure 2a), we observe that only the spatial and time 
frequencies regions whose velocity is close to the longitudinal velocity in steel, still remain. 
Moreover, the high frequencies have lower attenuation. The consequence for the NDE 
methodology of embedded cylinder with axisymmetric guided waves is direct: to increase the 
inspection distance, narrow frequency band excitations centered on particular high 
frequencies have to be selected. 
(a)  (b) 
 
Figure 2.  (a) Same legend as figure 1 but here only for the cement grouted cylinder at 1 
m from the source, (b) experimental transmission function for a cement grouted cylindrical 
bar of 16mm in diameter. 
 
This methodology was used for trough-transmission measurements for a 16mm diameter, 
1.5m long steel cylindrical bar embedded in 1m in cement grout, using two identical P-wave 
piezoelectric transducers at the emission and detection, mounted on each end section of the 
bar. The wideband piezoelectric emitter is excited by a gaussian windowed sinusoidal burst 
with varying the center frequency at constant narrow frequency band. Figure 2b shows the 
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spectra of the 351 time detected signals, confirming the predicted behavior of the embedded 
waveguide transfer function and associated periodic transmitting frequency bands. 
2.2  Free seven wire strand modeling - Low-frequency magnetostrictive 
experiments 
In addition to the first approach, a work has been recently developed through SAFE 
modeling, for a better understanding of wave propagation in a seven-wire strand. The Semi 
Analytical Finite Element method is well suited to study waveguides presenting an arbitrary 
cross-section along an invariant direction of propagation. This work has been performed at 
LCPC by Treyssède [3, 4] who determined first the dispersion curve for the helical 
waveguide by adapting the SAFE method, to preserve the translational invariance along the 
straight axis in the z direction of propagation. Recently, the seven-wire strand was modeled 
by assembling the constitutive wires with stick contact conditions and compared to 
experiments ([5]). Figure3a is the seven-wire energy velocity-to-frequency normalized 
dispersion curves 
C D B A
(b)  (a) 
 
Figure 3.  (a) seven-wire normalized dispersion curves (velocity versus frequency), (b) 
predicted group time delay superimposed upon experimental showing the two first guided 
modes in a seven-wire strand of 15.9 mm. 
 
These dispersion curves are more complex than that of the cylinder. It is worth noting a 
specific behavior already observed experimentally by Kwun et al. [6] and Laguerre et al. [7] 
Indeed, if we focus on the upper curve (that of higher velocity in the low frequency range), 
we observe a cut-off behavior (below black arrow) occurring near 0.36, which is due to 
strong bifurcation between two distinct modes, both having a globally axial motion like 
modes of compression (for more details see [5]). This behavior cannot be explained from the 
cylinder theory because it is directly the consequence of the assembling of wires. Figure 3b 
shows the spectrogram of a detected time signal measured in transmission with encircling 
magnetostrictive coil transducers longitudinally polarized (see for instance [7]). In this 
configuration, the first time arrival is the electromagnetic coupling occurring when the 
transmitter is energized (label A), the second arrival (B) is the direct longitudinal mechanical 
wave, the third (C) and fourth (D) arrivals are the reflection of the initial mechanical wave 
from the each end of the specimen under test. We observe on the spectrogram a close 
agreement between the measured group time delay of arrival B and that deduced from the 
upper line of the theoretical dispersion group velocity curve). It is worth noting as well the 
good prediction of the bifurcation frequency (at 67 kHz). 
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3  Defect detection in cement grouted strand - Experimental results 
Simple artificial defects were performed for the straight cylindrical wire and one of the 
peripheral wires of the same 2.44 m length 15.9 mm seven-wire strand embedded in 2 m 
length of cement grout. The centre wire defect is a complete wire cut at 1.22 m from the 
excited end. The defect in the peripheral wire is a complete wire cut at 0.72 m from this same 
end. The active face of the wideband piezoelectric transducer is in contact with the centre 
wire or peripheral wire of the strand. For both damaged wires inspection, reflection 
measurements were made by varying the centre frequency f0 in the high frequency range from 
3 to 7.5 MHz. Figure 4 represents the reflected time envelopes obtained versus f0 showing the 
first echo and multiples arising from the defect. These results confirm that specific high 
frequencies have to be selected for defect detection over appreciable inspection distances. 
(a)  (b) 
Figure 4  Defect reflection time envelopes for the centre wire (a) versus excitation (b) 
for the optimum frequency f0 at 4.9 MHz  of a 2.45 m length of 15.9 mm grouted strand. 
 
For the damaged centre wire, the optimum frequency is 4.9 MHz, for which 3 echoes from 
the same defect can be detected (due to multiple reflections from the defect and strand-end). 
Figure 5   Same legend as figure4, but for the peripheral wire of the 2.45 m length of 
15.9 mm grouted strand 
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By optimizing the testing equipment parameters, it is possible to detect up to five echoes at 
this frequency (figure 4b), which gives for the centre wire, an overall inspection distance of 
5m (from the beginning of the grout), or 6.1 m (from the excited end).  
For the helical wire (figure 5), 3 echoes are also observed. However, attention must be 
paid in the interpretation. If the first echo can be clearly attributed to the defect in helical wire 
(according to its transit time), the second and third echoes are relative to the centre wire 
defect response. This is due to a mis-positioning of the transducer, allowing the excitation of 
both the peripheral and centre wires. This latter experiment clearly demonstrates that the 
helical and centre wires cannot be inspected at the same optimal frequency. 
4  Conclusions 
These simple experiments conducted on a cement grouted seven wire strand have shown 
that it was possible to detect a complete cut of the centre wire up to a distance of 6m from the 
excitation point (by considering multiple reflections between the defect and the nearest 
strand-end) using a narrow-band high-frequency time excitation. However, this inspection 
distance is greatly reduced for a peripheral wire, for which complete cut can only be detected 
up to 0.75 cm. Future works will plan to perform experiments including prestressing to 
estimate the inspection distance using NDE ultrasonic guided wave for real world 
application. The recent modeling of the seven-wire strand dispersion curves from the SAFE 
theory by assembling the constitutive wires is a promising tool for the improvement of guided 
propagation in such complicated waveguide. 
Acknowledgements  
The author would like to thank Electricité de France (EDF) who funded part of this work 
in the ACTENA project. 
References  
1. Laguerre L., Grimault A. and Dechamps M. (2007) "Ultrasonic bounded beam 
propagation in a solid cylinder waveguide embedded in solid medium", Journal of the 
Acoustical Society of America, Vol. 121, Issue 4, pp. 1924-1934. 
2. Pavlakovic B.N., Lowe M.J.S., Cawley P., (2001) "High-frequency low-loss ultrasonic 
modes in imbedded bars", Journal of Applied Mechanics, Trans. ASME, Vol.68, Issue 1, 
pp 67-75. 
3. Treyssède F (2007), "Numerical investigation of elastic modes of propagation in helical 
waveguides" Journal of the Acoustical Society of America, Vol. 121, Issue 6, pp 3398-
3408. 
4. Treyssède F (2008), "Elastic waves in helical waveguides" Wave Motion, Vol 45., Issue 4, 
pp 457-470. 
5. Laguerre L. and Treyssède F. (2008), "Some recent advances towards a better 
understanding of wave propagation in a seven-wire strand", pp123-135, Ultrasonic wave 
propagation in non-homogeneous media, Springer Proceedings in Physics 128, Léger A. 
and Deschamps M., Springer Verlag Berlin Heidelberg. 
6. Kwun H., Bartels A. and Hanley J.J. (1998) "Effects of tensile loading on the properties of 
elastic-wave propagation in a strand", Journal of the Acoustical Society of America, Vol. 
103, Issue 6, pp3370-3375. 
7. Laguerre L., Aime J.-C., Brissaud M., (2002) "Low-frequency ultrasound reflectometry 
device based on magnetoelastic transducers for the non destructive evaluation of steel rods 
and cable", Bulletin des Laboratoires des Ponts et Chaussées, Vol. 239, pp 7-2. 
    
 